Two high molecular weight glycoproteins, exposed on the surface of sympathetic neurons, are modified after they have been translated, glycosylated, and inserted in the plasma membrane. Bl (apparent M, = 230,000 by electrophoresis in sodium dodecyl sulfate) and B3 (Mr -200,000) are each modified to give proteins of lower apparent molecular weight: B2 (n/r, -215,000) and B4 (M, -185,000). Bl and B3 are derived from two precursors, Pl (Mr -210,000) and P3 (M, -185,000) which are nonsialylated, mannose-rich proteins not exposed on the cell surface. In unstimulated cells, Bl and B3 are converted to B2 and B4 with a half-life of 4 to 6 hr. In cells which have been treated chemically to evoke the release of neurotransmitter, the modification appears to be accelerated, and B2 and B4 are shed into the medium in soluble form (S2 and S4). This evoked release of protein is calcium dependent and is detected only in conditions which favor the rapid release of neurotransmitter.
The cell surface components of sympathetic neurons can be analyzed in the virtual absence of non-neuronal cells when the neurons are grown in primary cell culture (Estridge and Bunge, 1978; Braun et al., 1981) . The cultures express characteristic glycoproteins, glycolipids, and antigens (Estridge and Bunge, 1978; Chun et al., 1980; Braun et al., 1981; Schwab and Landis, 1981; Zurn, 1982) , and they secrete soluble proteins into the medium (Sweadner, 1981) . The expression of two cell surface glycoproteins (Braun et al., 1981) teins (Sweadner, 1981) was previously shown to be correlated with the expression of noradrenergic or cholinergic phenotype. The major cell surface proteins, however, are shared by both the noradrenergic and cholinergic sympathetic neurons (Braun et al., 1981) . Of particular interest is a discrete family of four high molecular weight, acidic glycoproteins, two of which are released into the medium when transmitter release is evoked by various chemical means (Sweadner and Patterson, 1981; Sweadner, 1981) . Evidence is presented here that the four high molecular weight, acidic, and releasable glycoproteins are actually the modified and unmodified forms of two different proteins, and that post-translational modification precedes release of the proteins from the cell surface. One of these proteins (Bl), its precursor (Pl), and its modified derivatives (B2 and S2) are shown to be immunologically related to the nerve growth factor-inducible, large external (NILE) glycoprotein described by McGuire et al. (1978) , which has been found to be expressed in a variety of neurons in both the peripheral and central nervous systems (Salton et al., 1983; Stallcup et al., 1983;  L. L. Y. Chun, manuscript in preparation).
The accompanying paper (Sweadner, 1983) presents hydrodynamic evidence that the proteins are shaped like elongated rods, and that they are released into the medium as monomers in solution.
Materials
and Methods Cell culture. Primary cultures of sympathetic neurons from the superior cervical ganglion of the newborn rat were prepared as described previously (Hawrot and Patterson, 1979) , with the exception that desheathed ganglia were dissociated by incubation in 5 mg/ml of dispase (Boehringer Mannheim, Indianapolis, IN) at 37°C for 1 hr. The suspension was triturated first with a fire-polished Pasteur pipette, and then undissociated chunks of tissue were triturated with a 22 gauge syringe. Cultures of 1000 to 2000 cells were maintained as described previously (Hawrot and Patterson, 1979; Braun et al., 1981) in B-mm-diameter wells to facilitate biochemical analysis. Non-neuronal cells were eliminated with arabinosylcytosine. All experiments were performed on cells that had been in culture for at least 3 weeks. When adrenergic and cholinergic cultures were to be compared, sister cultures were fed medium containing 20 mM K+ or medium conditioned by cultured rat heart cells, respectively, from the 2nd day after plating the cells (Sweadner, 1981) .
The pheochromocytoma PC12 cell line was obtained from J. A. Wagner, Harvard Medical School, and was maintained as described (Greene and Tischler, 1976) . For radioactive labeling, cells were plated in &mm-diameter wells and grown for 8 days with or without nerve growth factor.
Protein labeling and gel electrophoresis. In all experiments, proteins were detected by autoradiography of extracts of labeled cells, resolved by one-or two-dimensional gel electrophoresis. Isotopes (L-[4,5-"Hlleucine, L-[6-"Hlfucose, D-[2-"Hlmannose, L-[""Slmethionine, and lp51) were obtained from New England Nuclear, Boston, MA. Cultures were metabolically labeled with [3H]fucose or ["Hlmannose in complete culture medium, or with ["Hlleucine or [""Slmethionine in medium deficient in Lleucine or L-methionine (custom formulation, Grand Island Biological Co., Grand Island, NY). Each well received 50 to 100 &i of label for 18 to 24 hr, or for 1 hr in pulse-chase experiments. Unlabeled methionine was added to bring the final concentration to 5 to 10 pM when [""Slmethionine was used, but other isotopes were used without unlabeled carrier. Cell surface proteins were also labeled by lactoperoxidase-catalyzed iodination with "'1 as previously described (Hubbard and Cohn, 1976; Braun et al., 1981) .
Two-dimensional gel electrophoresis was by the method of O'Farrell and O'Farrell (1976) except that the proteins were initially solubilized with sodium dodecyl sulfate (Ames and Nikaido, 1976) , and the isoelectric focusing gels contained 2% pH 3.5 to pH 10 and 0.5% pH 5 to pH 7 ampholytes (LKB Instruments, Inc., Gaithersburg, MD). One-dimensional gel electrophoresis was done in slab gels, using the buffer system of Laemmli (1970) . Detection of the tritium-labeled bands was by fluorography at -70°C (Bonner and Laskey, 1974) , using Kodak X-AR film and DuPont Kronex Lighting-Plus intensifying screens to enhance the sensitivity. Autoradiography of ""I was performed without fluorography, but intensifying screens were sometimes used to enhance sensitivity.
Antibody precipitation. Labeled proteins were precipitated with antibody-coated, fixed Staphylococcus aureus (Staph A) (Zysorbin; Zymed Laboratories, Burlingame, CA) by the method of Ivarie and Jones (1979) , using a buffer containing 0.15 M NaCl, 10 mM Tris-Cl, pH 8.0, 1 mM EDTA, and 0.5% Nonidet P-40 (NP-40) (Particle Data, Inc., Elmhurst, IL). When monoclonal antibodies were used, the Staph A preparation was coated first with excess rabbit anti-mouse purified IgG fraction (N. L. Cappel Laboratories, Cochranville, PA), then with excess mouse monoclonal antibody, and finally with the labeled cell extract. When a polyclonal antiserum was used, the Staph A preparation was coated directly. The final pellet of washed Staph A/antibody/protein complex was extracted with 1% sodium dodecyl sulfate, and the insoluble Staph A was removed by centrifugation.
The extracts were then analyzed by one-or two-dimensional gel electrophoresis and autoradiography. Protein release experiments were performed on cultures that were labeled by the metabolic incorporation of L-["Hlleucine, L-["Hlfucose, or L-[""Slmethionine. The experiments were carried out in wells bored in 35-mm Petri dishes, each well with a volume of 40 to 50 ~1; this made it possible to collect the proteins released from 1000 to 2000 cells in a small volume. To minimize evaporation, culture dishes were incubated in humidified Petri dish chambers. Cultures were labeled overnight and were washed with a minimal salts solution containing 140 mM NaCl, 5.4 mM KCl, 1.2 mM CaC&, 1.0 mM MgCl*, 1.5 mMHEPES-Tris buffer, pH 7.2, and 10 mM glucose. They were then incubated in the same solution for 30 min at 36°C in an air atmosphere to assess the background release of labeled proteins, and then with the test reagent, for three or four 30-min periods. After each 30-min period, the solution was removed and a fresh aliquot was added to the cells. When reagents were used which do not readily dissociate from cells, such as pCMBS, A23187, alamethicin, or monensin, the reagent was added only during the first 30-min period, in subsequent periods the cells were given minimal salts solution. Normally, 5-~1 samples of each aliquot of released protein were electrophoresed on a one-dimensional gel, or 25-~1 aliquots were electrophoresed on isoelectric focusing gels for twodimensional separations.
In control experiments, it was found that release of protein occurs equally well in complete medium with serum and in a 5% CO, atmosphere. Experiments were performed in minimal salts in an air atmosphere to avoid the fluctuations of pH seen when bicarbonate-containing media are used, and serum was not normally included because it limits the volume of sample that can be electrophoresed without distorting bands.
Norepinephrine release. Cultures were loaded with L-[2,5,6-"Hlnorepinephrine (New England Nuclear) by incubating them for 1 hr with 5 PCi of exogenous norepinephrine in 1 ml of culture medium. The cultures were then washed three times with minimal salts solution and preincubated in 50 ~1 of minimal salts for 30 min to 1 hr to allow the deamination and excretion of cytoplasmic ["Hlnorepinephrine. Patterson et al. (1976) found that the majority of norepinephrine remaining in the cells is reserpine sensitive and is stored in a particulate fraction, presumably the synaptic vesicles. The rate of release of tritium is then followed by changing the salts solution every 30 min or 1 hr, and measuring the radioactivity 220K-9: 155 -[ti 82 -released and that remaining in the cells at the end of the experiment.
Results Post-translational modification of NILE-related proteins. Two-dimensional gel electrophoresis of [3H]fucoselabeled proteins extracted from cultured sympathetic neurons with NP-40 reveals a cluster of four bands which are of higher molecular weight and more acidic than the majority of other proteins (Fig. lA, inset) . Their apparent molecular weights, as determined by comparison with unglycosylated standard proteins on a one-dimensional gel of 5% acrylamide, are -230,000, 215,000, 200,000, and 185,000, and they are called Bl, B2, B3, and B4. They have a characteristic spot shape, elongated in the isoelectric focusing dimension. B2 and B4 are sometimes slightly more acidic and sometimes slightly more basic than Bl and B3. Previous work (Braun et al., 1981) teins synthesized by the cells, and not constituents derived from the culture medium or substratum. That they are exposed on the cell surface was suggested by several experiments: that they can also be labeled (1) by lactoperoxidase-catalyzed iodination; (2) by periodate oxidation of sialic acid residues, followed by reduction with tritiated borohydride; (3) by galactose oxidase-catalyzed oxidation of galactose or galactosamine residues, followed by reduction with borohydride; and (4) by the fact that their isoelectric points are shifted to a more basic position when sialic acids are removed by treatment of intact cells with neuraminidase (Braun et al., 1981) .
In both molecular weight and isoelectric point, the largest of this family of proteins, Bl, resembles the NILE cell surface protein first described by McGuire et al., (1978) . The relationship of Bl, B2, B3, and B4 to the NILE protein of PC12 cells was tested by their antigenic cross-reactivity. A monoclonal antibody (ASCS4) previously shown to bind to the cell surface of sympathetic neurons and to react with a protein of M, = 230,000 was obtained from L. Chun, Harvard Medical School (L. L. Y. Chun, manuscript in preparation).
This antibody was used to precipitate ["Hjfucose-labeled proteins from primary cultures of sympathetic neurons and from PC12 cells, using fixed Staph A as an adsorbant for the antigenantibody complexes. Figure 1 , A and C, shows the twodimensional gel patterns of total fucose-containing glycoproteins of sympathetic neurons and PC12 cells, respectively. It is characteristic that the glycoproteins from the PC12 cells appear much less tightly focused in both dimensions. Figure 1 , B and D, shows the precipitates obtained with monoclonal antibody ASCSC. The antibody precipitated proteins Bl and B2 from the neuronal extract and the NILE protein from the PC12 extract. Autoradiograms of control precipitates (no antibody) were blank. Proteins B3 and B4 were not precipitated, and no proteins corresponding to proteins B2, B3, and B4 were resolved in the PC12 extracts.
A polyclonal antiserum against purified NILE protein from PC12 cells was obtained from S. Salton and L. Greene, New York University Medical Center (Salton et al., 1983) . This antiserum was also used to precipitate [3H]fucose-labeled neuronal proteins and was found to precipitate the same bands as the monoclonal antibody, and with higher yields (not shown). Thus proteins Bl and B2 are related to each other but are different from proteins B3 and B4, and proteins Bl and B2 are related to NILE.
Pulse-chase labeling and antibody precipitation provide evidence for the sequential processing of the proteins from two precursor forms, Pl and P3: Pl + Bl + B2, and in parallel P3 * B3 + B4. Dense cultures of sympathetic neurons (2000 to 3000 cells/%mm-diameter well) were labeled for 1 hr with 100 &i of [3H]leucine and then were returned to medium containing unlabeled leucine for from 0 to 16 hr. The cells were harvested after different lengths of chase, and their labeled proteins were resolved by two-dimensional gel electrophoresis (Fig. 2 ). After 1 hr of label but no chase, very little label was detected at the position of proteins Bl, B2, B3, and B4 ( Fig. 2A, arrows ). There were two prominent, more tightly focused spots, however, at a more basic isoelectric After 1 hr of chase, label was seen in proteins Bl and B3, and very faintly in proteins B2 and B4. After 2 and 4 hr of chase, the proportion of label in proteins B2 and B4 increased, until after 7 hr of chase, there was more label in proteins B2 and B4 than in proteins Bl and B3. The label in Pl and P3 declined rapidly in the first 2 hr of chase. The pattern is what one would predict if proteins Bl and B3 were derived from non-sialylated (and hence more basic) precursors (Pl and P3), and proteins B2 and B4 were derived from proteins Bl and B3.
Both monoclonal antibody ASCS4 and polyclonal antiserum to NILE precipitated Pl but not P3 (Fig. 3 ). In this experiment the cells were labeled with [35S]methionine for 1 hr.
The glycosylation of the proteins was assessed by repeating the pulse-chase with labeled sugars instead of labeled leucine (Fig. 4) . When ["Hlmannose was used to label the cultures for 1 hr, and then chased with medium containing 100 pM unlabeled mannose, Pl and P3 were B / I/ * Figure 3 . Antibody precipitation of the precursor protein, Pl.
Neuronal cultures were labeled for 1 hr with ["'Slmethionine, and an NP-40 extract was prepared as in Figure 1 . The relevant portion of the two-dimensional gel of an aliquot of the extract is shown in gel A; as in Figure 2 , there is prominent labeling of Pl and P3 (arrows) and barely detectable labeling of Bl and B3 after 1 hr. Pl was precipitated by both the polyclonal antiserum and the monoclonal antibody (B, arrow), although the polyclonal antiserum was quantitatively more effective. Gel B shows the precipitate obtained with the polyclonal antiserum. The gels were of 6% acrylamide. labeled after 1 hr, and their label declined rapidly during the chase (Fig. 4 , A to C). When [3H]fucose was used instead, no label was detected in Pl or P3. Very little label was detected in proteins Bl, B2, B3, and B4 immediately after the labeling period, but Bl and B3 were labeled after 1 hr of chase, and all four were labeled after 3 hr of chase (Fig. 4, D Fig. 7 , below).
The culture medium was also examined during the pulse-chase experiments. No bands resembling proteins Bl, B2, B3, and B4 could be detected after gel electrophoresis of the medium, although the unrelated, previously described spontaneously secreted proteins (Sweadner, 1981) were found. This corroborates the previous observation that proteins Bl, B2, B3, and B4 are not among the proteins released from unstimulated cells (Sweadner, 1981) .
Release of protein follows transmitter release. The release of proteins from sympathetic neurons treated with black widow spider venom was previously demonstrated (Sweadner, 1981) . Figure 7 of that paper shows a twodimensional gel of the proteins released from [3H]leucine-labeled neurons. Three major spots are seen, and two others can be detected after a longer period of autoradiography. Figure 5 of the present paper shows the same family of proteins resolved on one-dimensional gels and illustrates some characteristics of their release. The proteins shown were released from two sister cultures, one noradrenergic and the other cholinergic in phenotype. Each culture was first labeled with ["Hlleucine overnight, and the first slot shows the pattern of labeled proteins which were spontaneously secreted during the overnight incubation. The second slot shows the proteins released when the cultures were washed and then incubated for 30 min in a minimal salts solution; a low level of release of the most abundant secreted protein continued in the noradrenergic culture, and nothing was detected in the medium of the cholinergic culture. The next three slots show the protein released in three successive 30-min treatments with black widow spider venom. Three major and two minor components were released from both noradrenergic and cholinergic cultures. It is characteristic that the ratios of the various components are not fixed; their proportions differed from culture to culture and from sample to sample from the same culture. The major components had apparent A!, of -215,000, 185,000, and 125,000. The two largest are marked with arrows ( Fig. 5B ) and are called S2 and S4, as justified below. The smaller components may be proteolytic fragments of the larger ones, but they have not yet been characterized.
Protein release was usually complete within 2 hr.
Several experiments indicate that the released proteins are glycoproteins and that they are derived not from was shifted to a more basic position after neuraminidase treatment. Treatment of the released proteins with neuraminidase also reduces their apparent molecular weight on sodium dodecyl sulfate gels. If intact cells are pretreated with neuraminidase, washed extensively, and then treated with black widow spider venom, the released proteins have the lower apparent molecular weights (Fig.  6, D and E) .
Labeled proteins were also released when neurons labeled with [3H]fucose were treated with black widow spider venom (Fig. 6F ) . No proteins were released from cells that had been enzymatically digested with trypsin prior to evoking transmitter release, however. In Figure  6G , [3H]fucose-labeled cells were incubated with 100 pg/ ml of crystalline trypsin in minimal salts for 30 min at 37°C. The trypsin was removed and the cells were washed with 1 mg/ml of soybean trypsin inhibitor and subsequently treated with black widow spider venom. No protein release could be detected then, or when pCMBS (see Table I below) was used to elicit transmitter release after trypsinization (not shown), which argues that trypsin does not simply destroy the venom toxin or its receptor. Trypsin treatment does not by itself cause transmitter release (not shown). To test the adequacy of the protease inhibition, unlabeled control cultures were incubated with trypsin and soybean trypsin inhibitor by the same protocol, and then were incubated with an aliquot of labeled released proteins from another culture for 30 min; there was no detectable degradation of the labeled proteins (not shown).
Finally, if cultures were first labeled at 0°C by lactoperoxidase-catalyzed iodination of the cell surface and subsequently treated with black widow spider venom at 37°C for 45 min, the proteins that were released were labeled. Figure 7A shows a two-dimensional gel of the iodinated surface proteins of an untreated culture, and Figure 7C shows the three major and two minor components that were released into the medium. Figure 7B shows the gel of the iodinated proteins that were left behind on the cells after the black widow spider venom treatment;
there was depletion of the proteins Bl, B2, B3, and B4.
The comigration of the released proteins and proteins Bl, B2, B3, and B4 was tested by two-dimensional gel electrophoresis.
Sister cultures were labeled with ["Hlfucose, and one was treated with black widow spider venom for 45 min. Figure 8A shows the relevant portion of a two-dimensional gel of the untreated culture; Bl, B2, B3, and B4 are marked with arrows. In Figure 8B , the gel of the sister culture is seen after treatment with the venom; there appears to be a reduction in Bl and B3 and an increase in B2 and B4. In Figure 8C , the proteins released into the medium are shown, and in Figure 80 , the released proteins were mixed with an aliquot of the extract used for Figure 8A . The two highest molecular weights of the released proteins (large arrows) comigrated with B2 and B4. Since these appear to be a soluble form of B2 and B4, they are called S2 and S4. The amounts of B2, B4, S2, and S4 appear to increase at the expense of Bl and B3. The other, lower molecular weight released proteins do not overlap with any other obvious surface proteins.
Both the monoclonal antibody ASCS4 and the anti-NILE antiserum which precipitate Bl and B2 (Fig. 1B) were also found to precipitate S2, and neither precipitated S4 or the other released proteins; Figure 9 shows the precipitate obtained with the polyclonal antiserum, which was quantitatively better than that of the monoclonal antibody. This confirms the relationship of the cell surface-associated Bl and B2 and the larger of the released proteins, S2.
Calcium dependence of protein release. The active ingredient in black widow spider venom that elicits transmitter release by the exocytosis of synaptic vesicles is the protein toxin cw-latrotoxin, but the crude venom also contains hydrolytic enzymes (Howard and Gunderson, 1980) . To determine whether the release of protein is a consequence of the release of transmitter or of the presence of some other activity in the venom, and to determine whether the release of transmitter is invariably accompanied by the release of protein, a variety of other, Vol. 3, No. 12, Dec. 1983 Figure 6. The released proteins are glycoproteins. A, B, and C show portions of two-dimensional gels, illustrating the shift in isoelectric point of S2 and S4 when treated with neuraminidase. A, S2 and S4 before neuraminidase treatment; C, S2 and S4 after neuraminidase treatment; B, aliquots of the samples used in A and C were mixed after denaturation in sodium dodecyl sulfate and electrophoresed on the same gel. D and E show the shift in apparent molecular weight of S2 and S4 (arrows) released from cells that were not (D) or were (E) treated with neuraminidase after overnight labeling with ["Hlleucine, but before treatment with black widow spider venom. F shows S2 and S4 released by treatment with black widow spider venom after labeling with ["Hlfucose, and G shows that no proteins are released from a culture labeled the same way, but treated with trypsin, followed by soybean trypsin inhibitor, before black widow spider venom. F and G were from a gel electrophoresed on a different day from that of panels D and E; the apparent difference in mobility has no significance. unrelated agents which cause transmitter release was tried. Their ability to cause protein release was assessed by the experimental protocol used in Figure 5 , and their ability to elicit transmitter release was assessed by measuring the rate of release of ['Hlnorepinephrine.
The results are shown in Table I . Depolarizing the neurons with 54 mM K+ accelerated transmitter release (Patterson et al., 1976), but not as much as black widow spider venom, and it did not elicit detectable release of the proteins, the first indication that the two events may be separable. Substituting Ba" for Ca*+ in the presence of 54 mM K' caused much higher rates of transmitter release (as reported by Douglas et al., 1961) , and in this case protein release was detected. Veratridine, a toxin which depolarizes the cell by opening the voltage-sensitive Na+ channel (Ohta et al., 1973) , also caused a rapid release of transmitter and elicited the release of the proteins. Both effects of veratridine were blocked by tetrodotoxin, which antagonizes veratridine by blocking the voltage-sensitive Na channel. A23187, which is an ionophore with a high selectivity for Ca*+ (Pressman, 1976), caused both transmitter release and protein release, and both of these effects were blocked by Co2+, a Ca'+ antagonist.
Black widow spider venom, 54 mM K+ plus Ba2+, veratridine, and A23187 are all believed to elicit transmitter release through normal cellular mechanisms but by bypassing normal control mechanisms. Three other reagents were tried which can elicit transmitter release by making the cell nonspecifically leaky or by acting as ionophores: pCMBS, which has been used to permeabilize a variety of cells and which has been used previously to evoke transmitter release (Carmody, 1978; Baba et al., 1979), alamethicin, a channel-forming ionophore with a very low selectivity (Pressman, 1976) , and monensin, an ionophore that exchanges Na+ for H+ or K+ (Charlton et al., 1980; Meiri et al., 1981) . All three of these reagents caused rapid release of transmitter, release of protein, and later, cell lysis (Table I) . Exposing the cultures to air during repeated washes, or other physical trauma, can also result in transmitter and protein release. The conditions used to evoke transmitter and protein release were unquestionably harsh, but protein release was highly selective; other cell surface proteins were not reproducibly affected. Even when a reagent such as alamethicin was used, which causes cell lysis within hours, the release of transmitter and proteins preceded the cell lysis in time (data not shown).
The release of proteins appears to always require the presence of Ca2+ in the extracellular medium. In the absence of added Ca2+, no protein release was seen when neurons were treated with black widow spider venom, pCMBS, or A23187. Addition of Ca2+ after 1 hr of venom or pCMBS treatment resulted in the delayed release of protein. The Ca2+ antagonist Co'+ at 2 mM blocked the release of protein elicited by black widow spider venom, high K+ plus Ba2+, and A23187, but did not completely block that elicited by pCMBS. La"+, which acts as a Ca2+ antagonist or agonist in different systems, blocked protein release at 5 mM under all conditions, even pCMBS. The results obtained with the black widow spider venom are representative, and are shown in Figure 10 .
When ["Hlleucine-labeled cells were used to elicit protein release and the proteins left bound to the cells were examined by two-dimensional gel electrophoresis, the precursors of the released proteins could be examined.
A
In Figure llA , cell surface proteins Bl, B2, B3, and B4 are seen in a section of a two-dimensional gel of untreated neurons. In Figure llB , a sister culture was treated for 1.5 hr with black widow spider venom in the presence of Ca"+; proteins Bl to B4 were completely depleted. In Figure llC , a sister culture was treated with black widow spider venom in the absence of Ca'+; proteins Bl to B4 appeared similar to the control. These same four proteins were absent after the cells were treated with trypsin as in Figure 6 (Fig. 1lD) .
A functional separation of transmitter and protein release could be obtained because transmitter release does not always require exogenous Ca'+, even when protein release does. Black widow spider venom, pCMBS, and A23187 were all capable of eliciting transmitter release in the absence of added Ca2+ in the medium (Fig.  12, A to C) . This has been reported before for black widow spider venom (Baba and Cooper, 1980) and pCMBS (Baba et al., 1979) . The effect of A23187 is probably due to its ability to penetrate to intracellular membranes, where it could release Ca2+ from intracellular stores. An even more compelling effect was that of La3+, which acted as a Ca2+ agonist for transmitter release and, in fact, elicited it by itself ( Fig. 120 ; Weiss, 1974) . Not only did it not cause protein release, but it actually inhibited the protein release elicited by black widow spider venom. It did not block venom-induced norepinephrine release, but it was reproducibly found to reduce it relative to the rate seen in its absence (Fig.  120) .
Attempts to determine the mechanism of protein release. In Figure 8 , it appears that the treatment with black widow spider venom accelerated the conversion of Bl and B3 to B2 and B4. If the mechanism of protein release is to somehow accelerate the normal metabolism of this family of proteins, then one might predict that labeling the cells in the absence of Ca2+ in the medium ' would block the spontaneous conversion of Bl and B3 to B2 and B4, and that labeling in high K' would accelerate the conversion. Experimental results do not support this hypothesis, however (data not shown). Cultures labeled with ["Hlfucose in the absence of added Ca*+ or in the presence of 20 mM or 54 mM K+ have Bl to B4 patterns identical to those of controls. It appears that transmitter release and the presence of extracellular Ca2+ are required only for the conversion of B2 and B4 to S2 and S4.
The varying proportions of the released proteins are what one might expect of a process that involves a stochastic event like limited proteolysis, and a number of attempts have been made to find a protease inhibitor and the molecular weights of several proteins are shown on the left. The protein marked M,-55,000 is the protein C55 described in Braun et al. (1981) , which migrates anomalously. The gels are of 5% acrylamide. B, Surface proteins after black widow spider venom treatment; Bl is essentially entirely lost. C, Proteins released by black widow spider venom. S2 and S4 are Figure 7 . The released proteins derive from iodinatable cell marked with arrows. The extent of labeling of minor released surface proteins. Cultures were labeled by lactoperoxidasecomponents is more variable than that of the major ones; in catalyzed iodination at 0°C. A, Labeled surface proteins from this experiment, the most basic component is more heavily control cells; Bl, B2, B3, and B4 are marked with large arrows, labeled than usual. that will block the release of protein. All of the following inhibitors were without effect, however: phenylmethylsulfonyl fluoride (0.1%); chloroquine (50 PM); leupeptin (100 PM); pepstatin (25 PM); chymostatin (25 PM); Ep475 (100 PM); aprotinin (100 pg/ml); and diisopropyl fluorophosphate (10 PM). All of the protease inhibitors were preincubated with the labeled cultures for 30 min prior to treatment with black widow spider venom. These compounds should inhibit a wide range of proteases: extracellular, lysosomal, and cytoplasmic.
Experiments were also performed to test the hypothesis that an unknown protease or other enzymatic activity is secreted into the medium when transmitter release is evoked. pCMBS was used to evoked transmitter release from an unlabeled culture, the supernatant was collected, and the pCMBS in it was inactivated with excess pmercaptoethanol.
The supernatant, which should contain any soluble proteases released by the unlabeled culture, was then put onto a labeled culture and incubated for three 30-min periods. For controls, one labeled culture was incubated with pCMBS as usual, and another was incubated with pCMBS that had first been inactivated with excess /?-mercaptoethanol.
Finally, a culture was treated with black widow spider venom in the presence of P-mercaptoethanol, which showed that the reducing agent by itself has no effect on protein release. The result was that the transferred supernatant caused little or no specific release of protein (not shown), and thus does not contain significant released or activated protease.
Discussion
The identity of the proteins. This paper provides evidence that two cell surface proteins of sympathetic neurons undergo sequential processing: Pl + Bl ---* B2 + S2, and P3 + B3 + B4 + S4. Proteins Bl, B2, B3, and B4 are among the most abundant surface proteins when labeled either by cell surface probes or by the metabolic incorporation of labeled fucose (Braun et al., 1981) . Their accessibility to lactoperoxidase, galactose oxidase, neuraminidase, and trypsin in intact cells argues that they are exposed on the cell surface. The fact that they can (NE) release, expressed as percentage of stored transmitter released per hour, is given for representative experiments in the presence and absence of calcium. Release of surface protein (S2 and S4) was scored as strong (++), weak(+), or negative (0), and the number of separate experiments in which each result was found is given in parentheses. Blanks indicate that the experiment was not done. Conditions used were: black widow spider venom (BWSV), 1:600 dilution of venom extract; 54 mM K+; 54 mM K' plus 10 mM BaCl,; LaCl$, 5 mhi; veratridine, 5 X 10m5 M; tetrodotoxin (TTX), 10M5 M; A23187, 10e5 M; p-chloromercuribenzene sulfonate (pCMBS), lo-" M; alamethicin, lo-' M; monensin, 10m5 M; CoC12, 2 mM.
NE be released in soluble form argues that they do not bury the bulk of their mass in the lipid bilayer, although they may be anchored to it by a hydrophobic tail that can be clipped off. There is no evidence for an internal pool of the releasable proteins, protected from external enzymatic modification, although the low time resolution of the experiments (30 min) would have precluded detection of a pool that shuttles rapidly in and out of the cell. It is striking that such major, externally directed proteins can be essentially entirely released from the cells following chemically evoked transmitter release.
Bl and B2 cross-react with the nerve growth factorinducible NILE protein of PC12 cells (McGuire et al., 1978) , but no evidence was obtained for an antigenic relationship between Bl-B2 and B3-B4, despite their similar behavior. Salton et al. (1983) and Stallcup et al. (1983) both found that antisera that precipitate NILE will precipitate related proteins of slightly different molecular weights from different neuronal sources, including the central nervous system. Two-dimensional gel analysis might reveal the presence of multiple bands in these precipitates, as seen here. The accompanying paper (Sweadner, 1983) , however, presents evidence that the apparent molecular weights determined by electrophoresis in sodium dodecyl sulfate are very inaccurate.
In their high molecular weight and releasability, Bl, B2, B3, and B4 resemble the cell surface proteins described on several other kinds of cells of neural origin. The NS-4 and BSP-2 antigens of mouse brain and the N-CAM (neural cell adhesion molecule) protein and D-2 antigen of chick and rat brain all have components of M, -180,000 to 200,000, 140,000, and 120,000, which are sialic acid-and fucose-containing glycoproteins expressed on the cell surface, and which are shed into the medium (Thiery et al., 1977; Jorgensen et al., 1980; Rohrer and Schachner, 1980; Hirn et al., 1981; Chuong et al., 1982) . Very similar major neuronal cell surface proteins have been described in other laboratories as well (Akeson and Hsu, 1978; Littauer et al. 1980; Chen and Rinehart, 1982) , so similar that perhaps they are all the same family of proteins. Both the NS-4 antigen and the N-CAM protein are found as higher molecular weight forms in cells of embryonic origin (Goridis et al., 1978; Rothbard et al., 1982) ; biochemical analysis of the embryonic and adult forms has revealed that they differ chiefly in their carbohydrate structures (Rothbard et al., 1982) . At this time, we do not know whether the NILErelated family of proteins is the same as the NS-4, BSP-2, and N-CAM family. Proteins of M, = 230,000,180,000, and 140,000 were all detected by complex antisera against PC12 cells by Lee et al. (1981) and by Stallcup et al. (1983) , but cross-adsorbtion experiments suggest that the M, = 230,000 component (NILE) is unrelated to the others, which more closely resemble NS-4 and N-CAM.
The conversion of Bl and B3 to B2 and B4 occurs after the proteins have received their complex carbohydrates, since it occurs after the incorporation of [3H]fucose. It also apparently occurs after the insertion of the proteins in the plasma membrane, since all four protein bands are labeled when cultures are iodinated with lactoperoxidase at 0°C. The conversion bears no resemblance to the removal of a signal sequence, which would be expected to occur even before the addition of high mannose carbohydrate units. The conversion could be the result of proteolysis, since there is an apparent drop in molecular weight, but it is also possible that the removal of carbohydrate or covalently linked lipid is responsible for the alteration of electrophoretic mobility.
Release of surface protein. The NILE protein has been reported to be released into the medium, but spontaneously, not in response to the evoked release of neurotransmitter (Salton et al., 1983; Stallcup et al., 1983) . It is possible that Bl, B2, B3, and B4 are also released spontaneously at low rates, or in response to gentler neuronal stimulation, and yet are undetected here because they are degraded to lower molecular weight fragments before they are collected for analysis by gel electrophoresis. In many experiments the protease inhibitors aprotinin and phenylmethylsulfonyl fluoride were included in all of the solutions, without effect on the results, but that does not rule out that proteases with different specificities are present. Spontaneous protein release was seen in several isolated experiments, but it was the exception rather than the rule. The spontaneous release of a derivative of NILE seen by Salton et al. (1983) and Stallcup et al. (1983) may account for the fact that an equivalent of B2 is not detected in PC12 cells; it may be shed into the medium as soon as it is formed.
The release of NS-4, BSP-2, N-CAM, and other proteins is apparently spontaneous, but there have been no attempts to accelerate the release by evoking transmitter release, or to determine whether the release requires extracellular calcium. Musick (1979) observed the release of protein from stimulated neuromuscular preparations and found that the amount of protein released exceeded the estimated content of the synaptic vesicles. He concluded that the source of the protein could not be solely the synaptic vesicles. It is possible that the protein came from the neuronal cell surface, as described here, or from the muscle. The shedding of cell adhesion molecules such as N-CAM can be understood in the context of cell migration in relation to its environment, but the shedding of cell surface proteins during or after neurotransmitter release remains an unexplained observation.
Mechanism of protein
release. There is biochemical evidence that certain proteins, the chromogranins and dopamine ,&hydroxylase, are released from adrenal medullary chromaffin granules when they release catecholamines by exocytosis (Schneider et al., 1967) , and there is immunological evidence that similar proteins are released from noradrenergic neurons (Smith et al., 1970) . Labeled sympathetic neurons were treated with black widow spider venom to determine whether the neurotransmitter-specific secreted proteins (A82, C76, Clll, and C145) were derived from synaptic vesicles, and it was found that there was a separate class of releasable proteins unrelated to the spontaneously secreted proteins (Sweadner, 1981) . In this paper, these releasable proteins (S2, S4, and presumed fragments) have been shown to be derived from the surface proteins Bl, B2, B3, and B4. The induced release of protein is selective, in that it does not reproducibly affect the other most abundant cell surface proteins.
Since the mechanism of release could offer a clue to the function of the proteins, it has been studied in some detail. Classically, proteins destined for secretion are packaged in the cell and secreted without being exposed on the cell surface. In some cases, a cell both secretes a protein and exposes it on the cell surface, and it does this either by producing two separate forms of the protein, or by modifying a membrane-bound form to permit its release. Some muscle acetylcholine esterase forms are found in a rapidly turning-over intracellular pool and are secreted directly to the medium, and others are inserted in the membrane and remain there with a half-life of 50 hr (Rotundo and Fambrough, 1980) . Immunoglobulins are also made in membrane-bound and secreted forms, which have identical N-termini and different C-termini (Cushley et al., 1982) . Other proteins appear to be shed from the cell surface, since they can be labeled on the cell surface and later found in the medium in a labeled, soluble form, as reported here. Since this has been observed for high molecular weight proteins from a variety of cells of neural origin (Thiery et al., 1977; Akeson and Hsu, 1978; Goridis et al., 1980) , it will be of interest to determine its physiological role.
The simplest hypothesis is that the proteins are released from the surface by limited proteolysis. If the proteins are anchored to the membrane by a short, terminal hydrophobic stretch of amino acids, cleaving the polypeptide chain near that stretch would release a nearly intact soluble fragment. The release could be the work .of a calcium-dependent protease or of a proteolytic process that is activated indirectly by calcium (Baudry et al., 1981; Rodemann et al., 1982) . In polymorphonuclear leukocytes there is even an evoked, calcium-dependent release of lysosomal proteases into the extracellular medium (Showell et al., 1977) . No protease inhibitors have yet been found that inhibit the release of S2 and S4, however.
Release of S2 and S4 occurs in conditions that elicit rapid neurotransmitter release. A comparison of the ionic requirements for protein release and transmitter release leads to the conclusion that the two events are separable, since protein release requires extracellular calcium even when transmitter release does not, as with black widow spider venom and pCMBS. Since transmitter release can occur without protein release but the converse is not true, the protein release correlates better with events following transmitter release; for instance, the recapture of synaptic vesicle membrane that has fused with the plasma membrane during exocytosis could require the modification of surface protein. Vesicle recycling has been studied in detail in several neural and secretory tissues (Kelly et al., 1979; Zimmerman, 1979; Holtzman, 1981; Meldolesi and Ceccarelli, 1981) , and there appear to be two different modes of membrane retrieval. At low rates of stimulation, synaptic vesicles are recaptured and recycled as small vesicles, without any morphologically obvious intervening steps (Ceccarelli et al., 1973; Zimmerman and Denston, 1977) . At high rates of stimulation, large pieces of membrane are pinched in to become intracellular cisternae, which are then degraded or recycled to synaptic vesicles (Heuser and Reese, 1979) . The pinched-in membrane may fuse with cytoplasmic lysosomes (Schwartz et al., 1979) . The cisternal, or vacuolar, type of membrane retrieval has been seen in neurons treated with black widow spider venom (Clark et al., 1972 ; S. C. Landis and K. J. Sweadner, unpublished observation), veratridine (Fried and Blaustein, 1978) , and barium (Liscum et al., 1982) , some of the same conditions used in this study.
The correlation of surface protein release with cisternal or vacuolar membrane recapture is supported by the effects of calcium and its analogues. The recapture of membrane has been shown to require extracellular calcium in the neuromuscular junction treated with low levels of black widow spider venom (Ceccarelli and Hurlbut, 1980) and in parotid acinar cells (Koike and Meldolesi, 1981) . Barium enhances transmitter release (Douglas et al., 1961) and enhances the retrieval of membrane by vacuoles (Liscum et al., 1982) . Lanthanum at low concentrations blocks the evoked release of transmitter, presumably by blocking the calcium channel, but at high concentrations it elicits transmitter release and blocks the retrieval of membrane (Heuser and Miledi, 1971; Miledi et al., 1980) . All of these effects parallel the observed effects on surface protein release. Cobalt depresses membrane recycling in photoreceptors, but this is thought to be due principally to its ability to block calcium channels and hence block transmitter release (Evans et al., 1978) . Cobalt was found by Liscum et al. (1982) to reduce barium-stimulated vacuolar membrane retrieval in photoreceptors only at high concentrations (5 mM); at lower concentrations (1.2 mM), it had no effect, indicating that it is probably not as potent an inhibitor of retrieval as lanthanum.
Cobalt inhibited the release of S2 and S4 elicited by black widow spider venom and A23187, but not that elicited by pCMBS. Since pCMBS causes the most rapid transmitter release of all of the agents used, the concentration of cobalt used (2 mM) may not have been enough to block membrane internalization.
